Elongation factor eEF3 is an ATPase that, in addition to the two canonical factors eEF1A and eEF2, serves an essential function in the translation cycle of fungi. eEF3 is required for the binding of the aminoacyl-tRNA-eEF1A-GTP ternary complex to the ribosomal A-site and has been suggested to facilitate the clearance of deacyl-tRNA from the E-site. Here we present the crystal structure of Saccharomyces cerevisiae eEF3, showing that it consists of an amino-terminal HEAT repeat domain, followed by a four-helix bundle and two ABC-type ATPase domains, with a chromodomain inserted in ABC2. Moreover, we present the cryo-electron microscopy structure of the ATP-bound form of eEF3 in complex with the post-translocational-state 80S ribosome from yeast. eEF3 uses an entirely new factor binding site near the ribosomal E-site, with the chromodomain likely to stabilize the ribosomal L1 stalk in an open conformation, thus allowing tRNA release.
Protein synthesis requires, in general, only two canonical GTPase elongation factors. eEF1A (known as EF-Tu in prokaryotes) recruits cognate aminoacyl-tRNAs to the A-site of the ribosome, and, after peptidyl transfer, eEF2 (EF-G in prokaryotes) catalyses translocation of the messenger RNA and the transfer RNAs from the A-and P-sites to the P-and E-sites. In contrast to the canonical factors, eEF3 has an ATPase activity that is stimulated by ribosomes. It interacts with both ribosomal subunits [1] [2] [3] , competes with eEF2 for binding to ribosomes, and stimulates eEF1A-dependent binding of cognate aminoacyltRNA to the ribosomal A-site 1, 4 . Because, according to the allosteric three-site model of the ribosomal elongation cycle, E-site release is required for efficient A-site binding, it has been suggested that eEF3 functions as a so-called 'E-site factor' 4, 5 . Moreover, ATP hydrolysis by eEF3 is required in every elongation cycle to allow chasing of deacyltRNA from the E-site 4 . eEF3 belongs to the family of ABC (ATP-binding cassette) proteins that includes proteins involved in transport across membranes, DNA repair, and translation. The membrane proteins of this class especially represent important targets for development of novel therapeutic strategies. The proteins contain ATP/ADP-binding ABC domains, which convert chemical energy derived from binding of ATP or its hydrolysis into a 'powerstroke' of mechanical energy 6 . ABC proteins function as either homodimers or as twin-cassette proteins with two ABC domains within the same polypeptide.
The ribosome exhibits very dynamic behaviour, such as the ratchet movement 7 or the movement of the L1 and the L7/L12 stalks [8] [9] [10] [11] . Hence, an intriguing question is how the interaction of eEF3 with the ribosome is correlated with its dynamic properties as an ABC protein, and how the energy derived from binding/hydrolysis of ATP is used for its function.
Crystal structure of eEF3
Three crystal structures of residues 1-980 of eEF3 in the apo state (2.7 Å ), in complex with ADP (2.4 Å ), or in complex with the nonhydrolysable ATP analogue ADPNP (3.0 Å ) were solved (Supplementary Table 1 ) and they have virtually the same overall conformation. The deletion of residues 981-1,044 does not alter the ability of the protein to function as the only form of eEF3 12 . The protein has five structural domains (Fig. 1a, b and Supplementary Fig. 1 ). Residues 1-321 are organized in classical HEAT repeats 13 with a total of 16 helices. Instead of forming a single long, curved structure as found in PP2A 14 , the HEAT domain of eEF3 makes a sharp bend after the first 10 helices. The HEAT domain is connected through a flexible linker to a four-helix bundle (4HB domain; residues 336-413), which packs against the bottom of the concave face of the HEAT domain.
The remaining residues of eEF3 are organized into ABC1 and ABC2 domains homologous to the nucleotide-binding domains of ABC transporters and DNA repair enzymes [15] [16] [17] [18] . These domains each consist of two subdomains (or lobes). Lobe I (residues 418-492 and 563-636 in ABC1, and 637-734 and 915-976 in ABC2; also known as the ATP-binding core) is formed by two b-sheets that wrap around a central a-helix and three exposed helices. Lobe II (493-562 in ABC1, and 734-760 and 870-914 in ABC2; also known as the a-helical subdomain) is composed of four helices in ABC1 and five in ABC2. The arrangement of the two subdomains in both ABC1 and ABC2 is similar to that found in structures of other ABC domains in their apo or ADP-bound states with DALI 19 Z-scores of 13-19, and the Z-score of eEF3 ABC1 versus ABC2 is 15. Hence, the two cassettes in eEF3 are not more similar to each other than to other ABC proteins.
The chromodomain (residues 761-869) is an insert within the a-helical subdomain of ABC2 and contains a five-stranded b-sheet traversed by an a-helix. Homologous domains from nuclear proteins interact with histones, DNA and RNA 20 . The ABC1 domain has a limited interface to other domains, whereas the ABC2 domain interacts with the 4HB domain and the N-terminal part of the HEAT domain (Fig. 1a, b) . The chromodomain is located at the convex face of the HEAT domain, but makes only a few contacts with it.
In both the ADP and the ADPNP complexes of eEF3, the nucleotide was found 14 Å away from its expected location towards the H-loop of ABC2 (Fig. 1c) . Binding to the canonical site is prevented by its overlap with Phe 35 from the HEAT domain ( Supplementary Fig. 2 ). In an attempt to disrupt the adeninebinding pocket, we mutated the non-conserved (see Supplementary  Fig. 3 ) Glu 42 to alanine and Ser 82 to tryptophan. These mutations had little effect on yeast growth (data not shown), questioning the physiological relevance of the novel mode of nucleotide binding in ABC2. No nucleotide is bound in the ABC1 domain, but a single sulphate ion is bound to its P-loop mimicking the a-and b-phosphates. A second sulphate mimics g-phosphate at the positive helix dipole of the signature motif ( Supplementary Figs 1 and 2c) , the hallmark of the ABC superfamily. This confirms the previous suggestion that the signature motif binds the inorganic phosphate released by ATP hydrolysis 16 .
SAXS analysis of eEF3
Compared with the ATP-bound homodimer structures of MJ0796 and Rad50, the ABC2 domain in eEF3 is rotated approximately 1208 away from ABC1. To investigate whether the functionally important ABC tandem formation inferred from other ABC protein structures also takes place in eEF3, we created a model of the ATP state in solution. We maintained the overall location of ABC1 and placed ABC2 according to the ATP-induced dimer of MJ0796 16 . This was then followed by the rearrangement of the relative location of the two subdomains in both ABC domains (Fig. 1d) . This results in an elongated molecule with the chromodomain located at the tip, which, in contrast to the crystal structure, is in good agreement with small-angle X-ray scattering (SAXS) data collected at pH 7.2 ( Supplementary Fig. 4 ). SAXS data collected at the crystallization pH of 5.2 indicate a more compact conformation of eEF3. Hence, in solution a conformational change within eEF3 can be induced by lowering the pH; however, the physiological relevance of this flexibility is unknown.
Reconstitution and cryo-EM of the eEF3-ribosome complex Purified eEF3 was bound to empty ribosomes or to programmed ribosome nascent chain complexes (RNCs) in the post-translocational (post) state, bearing a peptidyl-tRNA in the P-site 21 . The most stable binding was observed using RNCs in the presence of ADPNP and the antibiotic neomycin 1 (Fig. 2a) , whereas empty 80S ribosomes or the presence of ADP ( Supplementary Fig. 5 ) showed weaker binding. As suggested before, this indicates that eEF3 binds to post-state ribosomes, and that ATP hydrolysis is required for eEF3 dissociation from the ribosome 4 . Cryo-EM and single-particle three-dimensional reconstruction of the RNC-eEF3 complex shows the typical appearance of a programmed yeast ribosome ( Fig. 2b) with a P-site tRNA at a resolution of 9.9 Å . Additional density ( Supplementary Fig. 6 ) is present for eEF3, and consists of two large domains bridging the central protuberance of the 60S and the head of the 40S ribosomal subunit, respectively. In agreement with binding experiments 2, 3, 22 , the density of eEF3 could be unambiguously assigned to the HEAT and ABC domains of eEF3, respectively (Fig. 2b) .
Ribosomal binding site and conformation of eEF3
The ribosomal binding site for eEF3 is new and completely separated from the binding site for the canonical factors eEF1A and eEF2 (Fig. 2c) . The site involves proteins and ribosomal RNA in both the 40S and 60S ribosomal subunit ( Fig. 2d; Supplementary Table 2 ). Non-overlapping binding sites explain how eEF3 and eEF1A can bind simultaneously 1 , and confirm that the competition between eEF3 and eEF2 must be a result of different requirements regarding the conformation of the ribosome 1, 4 . Here, eEF3 binds to a post-state ribosome, whereas eEF2 binds to the pre state 8, 23 . The structure of the eEF2-ribosome complex (stabilized by the antibiotic sordarin) indeed reveals a rotated conformation of the head of the 40S subunit 8, 23 , which would hardly allow the binding of eEF3 in the observed conformation.
For building a ribosome-bound eEF3 model (Supplementary Methods), we tried to fit models for eEF3 with the ABC tandem in the ATP state (closed conformation) and ADP state (open conformation). Cross-correlation indicated that eEF3 was indeed present in the ATP state (cross-correlation of 0.78 for ATP versus 0.61 for ADP). The chromodomain had to be moved and rotated relative to its position in the crystal structure. The HEAT domain was subdivided into two blocks consisting of 5 and 3 repeats (residues 1-200 and 201-333, respectively), which were docked together with the 4HB domain as individual rigid bodies. Notably, the ribosome-bound conformation of eEF3 (Fig. 1d, right panel) fitted neither the pH 7.2 SAXS scattering curve ( Supplementary Fig. 4 and Supplementary Note 1) nor the ATP model (Fig. 1d, middle panel) , which suggests that a large conformational change takes place on ribosome binding. This is also observed with other translation factors, such as eEF2 23 and RF2, on ribosome binding. Compared with the ATP-state model, the first five HEAT repeats rotate by 1608 in the cryo-EM conformation of eEF3 (Fig. 1d) .
The ABC2 domain is positioned on the central protuberance of the large ribosomal subunit, whereas ABC1 does not interact with the ribosome; the chromodomain points towards the ribosomal L1 stalk and is juxtaposed to the E-site (Fig. 2d-f) . The ABC2 domain and the chromodomain are anchored to the 60S subunit involving 5S rRNA, rpL11 (known as L5p in Escherichia coli) and rpL5 (L18p in E. coli) (Supplementary Table 2 ). Contacts of ABC2 are established between the residues of the first two ABC2 b-strands and a highly conserved region preceding the first b-strand ( Supplementary Fig. 1 ). In the chromodomain, three distinct regions interact with both the 60S and the 40S subunit. Residues 802-808 (representing the Sac7 homology domain, which is known to bind DNA 24 ) contact the 5S rRNA and rpL11 in the 60S subunit. Two linker regions connecting the chromodomain with ABC2 interact with the small ribosomal subunit via rpS18 (S13p in E. coli) and an as yet unassigned density (rpSX2) that is likely to correspond to the N-terminal extension of rpS5 (Fig. 2d-f) .
The HEAT domain contacts the head of the 40S subunit via the loops connecting the helices of the HEAT repeats. In agreement with binding studies 2 , this interaction involves the tip of helix 39 of the 18S rRNA, an unknown ribosomal protein (here termed rpSX1) and rpS18 (Supplementary Table 2 ; Fig. 2f ). HEAT repeats active in RNA binding have only been observed for the Ro autoantigen, where the helix-connecting loops contact single-stranded RNA via basic amino-acid residues 25 . Likewise, all of the contacts formed between the HEAT domain of eEF3 and ribosomal RNA (and also the ribosomal proteins) involve loops.
Involvement of eEF3 in tRNA release
The question remains of how eEF3 acts on the ribosome as a dynamic ABC protein and whether this action can be related to its suggested function as an E-site factor. It is intriguing that the chromodomain of eEF3 is positioned in the immediate proximity of the ribosomal E-site where it is capable of influencing the head of the 40S subunit and the L1 stalk, both of which contribute to the affinity of tRNA for the E-site 23, 26, 27 . It is very likely that a conformational switch of the chromodomain occurs on ribosome binding. Such a switch would correlate well with the movement of the L1 stalk from an E-sitesecluding 'in' position to an 'open' position, which would, thus, unlock the E-site to allow release of the tRNA (Fig. 3 ). An important function of the chromodomain is further supported by its placement between the Q-loop and the signature motif. In BtuCD the corresponding region interacts with the transmembrane domain 15 , and in Rad50 18 this region harbours the coiled-coil forming the ring around two strands of DNA, both of which undergo conformational changes. Likewise, ATP binding and hydrolysis by eEF3 might induce a change in the relative orientation of the two subdomains in ABC2, and thereby change the position of the chromodomain. We propose that this could, in turn, influence the conformation of the L1 stalk.
Conclusions
Our findings demonstrate conformational flexibility of eEF3 that is likely to be used for its function. In the eEF3-ADPNP conformation bound to the 80S ribosome (Fig. 1d) , the two ABC domains dimerize, with the ABC tandem being present in the ATP-bound closed dimer state observed in the ATP-bound structures of Rad50 and MJ0796. Compared with our solution-state model, a large reorientation of the HEAT and 4HB domains relative to ABC1 has occurred (Fig. 1d) . So far, structures of homodimeric ABC proteins, except for the lowresolution structures of MsbA 17, 28 , have indicated only relatively small differences between the open and closed dimeric states. The crystal structure of eEF3 demonstrates that the nucleotide-binding domains of twin-cassette ABC proteins may undergo very large intramolecular conformational changes. In eEF3, this could be required especially during binding and release from the ribosome. The SAXS data collected at pH 7.2 showed that the ABC1-ABC2 domain interface most likely pre-forms in solution. The weak intrinsic ribosome-independent ATPase activity 29 suggests that the ABC tandem is somewhat open in solution. This is then likely to rearrange to a tighter tandem with higher ATPase activity on ribosome binding, in agreement with the 36-fold stimulation of eEF3 ATPase activity by the ribosome 29 . We suggest that the chromodomain stabilizes the L1 stalk in the 'out' position (Fig. 3b) . Rearrangement of L1 is a prerequisite for the release of the tRNA from the E-site, as this site is secluded with L1 in the 'in' position 10, 23 . Therefore, one aspect of eEF3 function may be the opening of the E-site by moving the L1 stalk. Notably, the largest movements of the L1 stalk have been observed in S. cerevisiae 23 , an organism-as are all other fungi-strictly dependent on eEF3 activity. An essential function of the chromodomain on the ribosome explains why proteolytic degradation of this domain preserves the intrinsic ATPase activity but destroys the ribosome-dependent stimulation 22 . The conformational switch of eEF3 could also lead to a change of the 40S head conformation via the HEAT domain, resulting in altered properties of the E-site 23, 26, 27 . This would also follow the general principle of ABC transporters, where the rearrangement of the two ABC domains between an open and a closed dimer state is used for the rearrangement of the domains connected to them. eEF3 itself is partially closing the E-site and stalls the head of the 40S subunit in its position. Hence, it is likely that tRNA release is dependent on the dissociation of eEF3 and release of the stalled conformation of the 40S subunit head. This would explain why efficient chasing from the E-site with cognate deacyl-tRNA is dependent on ATP hydrolysis by eEF3 4 , which would trigger the dissociation of eEF3 from the ribosome.
Following the switch model for ABC transporters, in which substrate binding triggers ATP binding 30 , eEF3 binds to the poststate ribosomes also in the presence of ADP ( Supplementary Fig. 5) , indicative of the open conformation of the ABC tandem. On this basis, we suggest a model describing the role of eEF3 in the fungal translation cycle, which is expanded by fungi-specific post states of the ribosome (Fig. 4). (1) After eEF2-induced tRNA translocation, the conformation of the 40S head and of the L1 stalk in the 'in' position maintains the E-site tRNA as secluded (Fig. 4 , "Post, locked E"). (2) Initial weak interaction of eEF3 with the ribosome may occur in the open ABC tandem, or an intermediate conformation of the ABC domains, without inducing changes in the ribosome ("Post*, locked E"). (3) The interaction with the ribosome may trigger the ATP-dependent closed tandem formation and high-affinity ribosome binding by eEF3 in the conformation observed by cryo-EM. A conformational switch of the eEF3 chromodomain may stabilize the L1 stalk in the 'out' position, thereby opening the E-site ("Post*, unlocked E"). Now, eEF3 itself partially closes the E-site and fixes the 40S head. (4) The closed tandem elicits ATP hydrolysis, causing the dissociation of eEF3 from the ribosome. This unlocks the 40S head and results in an open E-site from which the tRNA can be released, probably owing to an increased off-rate ("Post"). Now, aminoacyltRNA-eEF1A-GTP can deliver the next aminoacyl-tRNA to the A-site. According to the allosteric three-site model 4 , a closed E-site preventing release of deacyl-tRNA would interfere with A-site binding. As eEF3 and eEF1A can bind simultaneously to the ribosome, ATP hydrolysis by eEF3, tRNA release, and A-site loading by eEF1A may take place as a joint event.
Taken together, we have provided the structural basis for understanding the essential function of eEF3, which will be instrumental for the future dissection of the exact molecular mechanism of this unique fungal factor, and, in addition, may be used for rational drug design.
METHODS
An initial polyalanine model was built into the 3.5 Å resolution density map of eEF3-ADP 12 . This model was used for molecular replacement with the 2.4 Å selenomethionine data set. Phase combination allowed the construction of a new polyalanine model by RESOLVE 31 , rebuilding in O 32 , and refinement with CNS 33 (Supplementary Table 1 ). Crystals of apo eEF3 and eEF3-ADPNP were obtained using the same approach as eEF3-ADP 12 by co-crystallization in the presence of 45% (w/v) ammonium sulphate at pH 5.2, and data processed with XDS 34 (Supplementary Table 1 ). The eEF3-ADP structure was used for rigid-body refinement against these data, and the resulting model was manually refitted in O and refined in CNS (Supplementary Table 1 ).
The SAXS measurements were performed 35 at pH 5.2 or pH 7.2, and 1 mM ADP/ATP when present. Simulated SAXS scattering curves were calculated with CRYSOL 36 , and experimental molecular envelopes with GASBOR 37 . The 80S ribosomes and RNCs were purified as described before 21, 38, 39 . eEF3-Xa-His 10 was overexpressed in yeast and affinity-purified. 80S ribosome-eEF3 complexes were reconstituted and applied on carbon-coated holey grids 40 in the presence of Sec61 21 , visualized on a Polara cryo-microscope, and processed using SPIDER 41 . The data set was sorted according to empty 38 or programmed 21 conformational state, followed by sorting according to the presence of eEF3. A total of 37,700 particles were used for the final reconstruction at a resolution of 9.9 Å (6.2 Å ) based on Fourier shell correlation of masked volumes at 0.5 (3j). The map is shown without the Sec61 density in Figs 2 and 3 for better clarity (see Supplementary Fig. 6a for the complete map). Docking of X-ray structures and molecular models of eEF3 42, 43 and ribosomal proteins/RNA 44 was done with IRIS Explorer, SPIDER 41 , O 32 and ERNA-3D 45 . Using the program Situs 46 for docking of MalK-based 47 ATP and ADP models for A conformational switch of the chromodomain stabilizes the L1 stalk in the 'out' position (unlocked E). d, ATP hydrolysis of the closed tandem results in the dissociation of eEF3, E-site opening, and unlocking of the 40S head (Post). Now, eEF1A-GTP-aminoacyl-tRNA can bind and the E-site deacyltRNA is released. ATP hydrolysis by eEF3, tRNA release, and A-site loading by eEF1A may take place as a joint event. aatRNA, aminoacyl-tRNA. RSR, ratchet-like subunit rearrangement.
eEF3 (cross-correlation of 0.7 and 0.62, respectively) confirmed our results with models based on MJ0796 42 and RLI 43 . Figures were produced with PYMOL 48 and USFC Chimera 49 .
